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F IGURE 5:  ESTIMATED CAAA-RELATED REDUCTIONS IN BENZENE CONCENTRATIONS IN THE HOUSTON METROPOLITAN AREA  
    (WITHOUT-CAAA  MINUS WITH-CAAA )  –  AERMOD AND HAPEM RESULTS 
 

AERMOD RESULTS 

 

HAPEM RESULTS 

      

 

 

Reductions in Concentration >2.5 µg/m3                     1.5 to 2.5 µg/m3                       0.5 to 1.5 µg/m3 <0.5 µg/m3

Note:  HAPEM results represent the estimated exposure concentration reduction for the median exposed individual in each census tract.
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As we compare the maps from top to bottom, we can see the changes in exposure 
estimates as we process the ambient data through HAPEM to incorporate time-activity 
patterns of the exposed populations.  The exposure changes reflected in the bottom maps 
represent the change in concentration that we expect would be experienced by the median 
individual in a given census tract.  In general, HAPEM tends to smooth and spread out 
the AERMOD concentration changes; this reflects both aggregating results to the census 
tract level and incorporating the impact of commuting and other activities on the 
concentration experienced by the population in each census tract. 

Tables 3 and 4 present mean reductions in annual average benzene from AERMOD and 
HAPEM, respectively, for each county in each year.  In addition, these tables indicate the 
minimum and maximum reductions estimated for a census block group (AERMOD) or 
census tract (HAPEM) in that county in that year.  To facilitate comparison between the 
air quality modeling and exposure modeling results, we have calculated population-
weighted mean benzene reductions from AERMOD in Table 3.  That is, the mean 
estimates in Table 3 have been adjusted to give more weight to reductions in areas with 
large populations and less weight to reduction in areas with small populations.  The 
population-weighted mean reductions tend to be around 1 µg/m3, though the range of 
reductions can be significant, in several cases exceeding 20 µg/m3.  The results for 
HAPEM tend to be slightly lower than the AERMOD results.  The average ratio of 
HAPEM to AERMOD concentrations is about 90 percent (see Table 19 in Appendix B), 
suggesting that much of the population may be commuting from census tracts with higher 
benzene levels to census tracts with lower levels. 

TABLE 3:  POPULATION-WEIGHTED MEAN REDUCTION IN AMBIENT ANNUAL AVERAGE BENZENE 

CONCENTRATION DUE TO CAAA, BY YEAR AND COUNTY 

STUDY YEAR 

MEAN CHANGE IN BENZENE CONCENTRATION, µg/m3 

(RANGE) 

 BRAZORIA GALVESTON HARRIS 

2000 
1.0 

(0.04 - 25) 
0.8 

(0.04 - 18) 
0.8 

(-3 - 34)* 

2010 
1.1 

(0.08 - 25) 
0.9 

(0.05 - 17) 
1.0 

(-4 - 33)* 

2020 
1.3 

(0.09 - 28) 
1.0 

(0.06 - 20) 
1.2 

(-4 - 37)* 

* Seven of the 1,911 census block groups in Harris County showed dis-benefits under the With-CAAA 

scenario.  Of these, five reported increases of 0.3 µg/m3 or less.  The smallest reductions estimated were 

between 0.02 and 0.1 µg/m3. 
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TABLE 4:  HAPEM-ESTIMATED MEAN REDUCTION IN ANNUAL BENZENE EXPOSURE 

CONCENTRATION DUE TO CAAA, BY YEAR AND COUNTY 

STUDY YEAR 

MEAN CHANGE IN BENZENE CONCENTRATION µg/m3* 

(RANGE) 

 BRAZORIA GALVESTON HARRIS 

2000 
0.9 

(0.07 - 19) 
0.7 

(0.08 - 14) 
0.8 

(-1 - 11)** 

2010 
0.9 

(0.1 - 19) 
0.7 

(0.09 - 14) 
0.9 

(-1 - 12)** 

2020 
1.1 

(0.1 -21) 
0.9 

(0.1 - 16) 
1.1 

(-1 - 14)** 

 * The HAPEM results in this table represent the exposure change for the median individual in a census 

tract (i.e., they are neither highly nor minimally exposed in terms of their activities and characteristics).  

The exposure change is an average change in exposure across all age categories. 

 * *One of the 649 census tracts in Harris County reported dis-benefits under the With-CAAA scenario.  The 

smallest reductions estimated were between 0.07 and 0.1 µg/m3. 

 

3.2.1 MODEL TO MONITOR COMPARISONS 

The results of the model-to-monitor comparisons are presented in Appendix B.  As can be 
seen in Figures 32 and 33 of that document, many of the AERMOD predicted values fall 
within a factor of 0.5 to 2 of the monitored values, which is considered good agreement.  
However, a significant fraction of the With-CAAA estimates are less than half of the 
monitor values, suggesting the model may be underestimating benzene levels.   

3.3 HEALTH EFFECTS 

This section presents the health effects results and the associated monetary benefits 
results.  We first present the life-table model results for our primary estimate of avoided 
fatal and non-fatal cases of leukemia (all types) and the monetized value of those cases.  
We then discuss the results of our assessment of the non-cancer effects of benzene.  The 
next section presents our analysis of CAAA-related individual leukemia risk reductions 
for individuals that are part of highly exposed populations in the case study area.  Finally, 
we describe the additional life-table model runs we conducted to assess the sensitivity of 
the model to alternative assumptions.     

3.3.1 CANCER 

Avoided Cases  

Table 5 below presents the results of our primary estimate for avoided fatal and non-fatal 
cases of leukemia due to CAAA-related changes in ambient benzene levels in the 
Houston area (including Brazoria, Galveston, and Harris counties).  The results are 
presented for the base year (1990) as well as the three study years (2000, 2010, and 
2020).  The values in Table 5 represent the annual number of avoided cases in each target 
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year as well as a total number of expected cases avoided from 1990 through 2020.  We 
expect the benefits of the benzene reductions that occur in the study period will continue 
accruing to the study population beyond the end of the study period.  Therefore, we also 
estimated a total number of cases expected to occur past 2020 that are a result of CAAA-
related changes in benzene occurring within the study period.  We discuss the derivation 
of this estimate further in the section entitled “Expected Total Benefits.”  

 
TABLE 5:  ANNUAL AVOIDED LEUKEMIA CASES (FATAL AND NON-FATAL) BY STUDY YEAR DUE 

TO CAAA-RELATED BENZENE EXPOSURE CHANGES IN THE HOUSTON AREA 

STUDY YEAR ANNUAL AVOIDED CASES OF LEUKEMIA 

 
AVOIDED FATAL 

CASES 
AVOIDED NON-
FATAL CASES 

TOTAL AVOIDED 
CASES 

1990 0 0 0 

2000 0.03 0.02 0.05 

2010 0.09 0.07 0.2 

2020 0.2 0.1 0.3 

Cumulative Cases Occurring 
Within the Study Period 2 2 4 

Additional Cumulative Cases 
Occurring After 2020* 1 1 2 

Total Cumulative Cases 3 3 6 
*Note: These avoided cases are due to changes in benzene exposure that occurred within the study 
period. 

 

Our results indicate that by the year 2020, a total of four cases of leukemia would be 
avoided due to the 1990 CAAA programs in the Houston area, with three of those 
occurring in Harris County.  We estimate two of the four cases to be fatal and two to be 
non-fatal.64   

Monetary Va luat ion  

We applied the valuation methods described in Section 2.5.2 to determine the economic 
value of these avoided leukemia cases.  The results of the valuation analysis are presented 
below in Table 6.  

 

                                                 
64 The composition of fatal and non-fatal cases is consistent with data from the SEER website for 1988-2004, which indicates 

that ten year-survival rates for leukemia are approximately 40 percent (http://seer.cancer.gov/). 
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TABLE 6:  ANNUAL MONETARY BENEFITS BY STUDY YEAR DUE TO CAAA-RELATED CHANGES IN  

 BENZENE EXPOSURE IN THE HOUSTON AREA 

 STUDY YEAR TOTAL BENEFITS (1990 NPV, MILLIONS OF 2006$, 5% DR) 

 

BENEFITS FROM 
FATAL CASES OF 

LEUKEMIA 

BENEFITS FROM 
NON-FATAL CASES 

OF LEUKEMIA TOTAL BENEFITS 

1990 $0 $0 $0 

2000 $0.12 $0.01 – 0.06 $0.13 – 0.18 

2010 $0.27 $0.01 – 0.13 $0.28 – 0.40 

2020 $0.31 $0.01 – 0.15 $0.32 – 0.46 

Cumulative Cases Occurring 
Within the Study Period $6.7 $0.32 – 3.3 $7.0 – 10 

Additional Cumulative Cases 
Occurring After 2020* $1.6 $0.08 – 0.8 $1.7 – 2.4 

Total Cumulative Cases $8.3 $0.40 – 4.1 $8.7 – 12 
*Note: These avoided cases are due to changes in benzene exposure that occurred within the study 
period, but occurred after 2020 due to lagging effects of these changes on leukemia risks. 

 
The values in Table 6 represent the annual net present value estimate (discounted to 
1990) of the benefits of the CAAA-related benzene controls in Houston in each target 
year.65  In addition, we calculated the net present value of benefits over the entire study 
period and the additional benefits of cases occurring after 2020.  Our primary estimate of 
total benefits due to CAAA-related reductions in benzene are $8.7 - 12 million (in 
2006$), $8.3 million of which are due to fatal cases of leukemia, and $0.4 – 4.1 million of 
which are due to non-fatal cases.  Our primary estimate incorporates a discount rate of 5 
percent to account for the effect of cessation lag on the distribution of benefits over time.   

Expected Tota l  Benef i ts  

The life-table model we applied in this analysis was designed to calculate the change in 
the number of cases of leukemia likely to be observed in a given year, as a function of a 
population's current and past exposures.  Because of the way we model the lag between 
exposure reduction and benefits (see Section 2.4.2), the exposure change in the year being 
modeled contributes little to the observed risk reduction in that year; most of its effects 
will be realized over the next several years.  Similarly, the exposure changes in the years 
preceding the year being modeled will continue to produce benefits in future years, to a 
lesser degree over time.  As a result, a portion of the benefits that result from exposure 
changes that occur in the 1990 to 2020 study period will not be observed until after 2020.  

                                                 
65 Net present value (NPV) calculations facilitate comparison of costs or benefits that may occur at different points in the 

future by expressing them in terms of their value in a common reference year, using the economic principle of discounting.  

For example, the value of X dollars received N years from today would be X/(1 + i)N, where i represents the discount rate, a 

measure of the time value of money.  In this case study, we discount the value of all future health benefits back to the first 

year of the analysis, 1990, and sum them to produce our NPV estimates. 
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To address this model limitation, we estimated the relative magnitude of the benefits that 
we expected would occur after the end of the study period (i.e., past the year 2020), 
assuming that the latency period assumed in our primary estimate is correct.  In order to 
generate an estimate of the size of these benefits, we ran the model using a truncated 
exposure data set that "turned off" the effect of the CAAA after 2010 (i.e., it assumed no 
difference in exposure between the With- and Without-CAAA scenarios after the year 
2010) and observed how the benefits decreased following 2010. We found that annual 
avoided cases peaked in the year 2010 and then decreased to 90 percent of the 2010 level 
for the first five years (2011-2015) and to 50 percent of the 2010 level for the next 5 years 
(2016-2020).  (Although we did not model past 2020, we believe the benefits after 10 
years will likely be minimal, given the exposure weights we used in the model.)   We 
believe the decay in benefits observed in this example 2010 cutoff run represent a 
reasonable approximation of the results that would be observed after 2020.   

We applied the ratios from the 2010 cutoff run to the 2020 estimates of annual avoided 
cases and calculated estimates of cumulative avoided cases for 2025 and 2030.  We 
estimated less than one additional fatal case and less than one additional non-fatal case 
avoided in the first five years after the study period.  By the year 2030, we estimated 
another partial fatal and another partial non-fatal case would be avoided, making the 
cumulative total cases avoided through 2030 due to benzene concentration changes 
between 1990 and 2020 to be roughly six.     

3.3.2 NON-CANCER 

As described in Section 2.4.5, in order to assess non-cancer health benefits, we planned to 
report the difference between the With-CAAA and Without-CAAA scenarios in the number 
of individuals experiencing benzene concentrations above the chronic RfC published in 
EPA’s Integrated Risk Information System (IRIS) database.  Therefore, we compared the 
chronic RfC value reported on IRIS (0.03 mg/m3) with the ambient benzene 
concentrations from HAPEM6 for each tract under both the With- and Without-CAAA 
scenarios.  We then calculated the total census population across all of the tracts with 
benzene concentrations exceeding the RfC under each scenario.  We found no individuals 
exposed to benzene at concentrations exceeding the RfC in either the With- or Without-
CAAA scenarios.      

3.3.3 HIGHLY-EXPOSED POPULATIONS 

We evaluated risks to three different sets of highly exposed populations: residents living 
in census tracts with high benzene concentrations, residents living near roadways, and 
residents living in homes with attached garages. 

Res idents L iv ing in  Census  Tracts  With  High Exposure 

As described in Section 2.4.4, we estimated CAAA-related reductions in the lifetime risk 
of leukemia for individuals living in census tracts with the highest levels of benzene.  
Figure 6 shows a map that highlights these census tracts.  Table 7 below presents the 
individual lifetime risk of leukemia for a person born in 2020 under both the With- and 
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Without-CAAA scenarios in the two tracts in each county with the highest exposure 
concentrations.  In addition, we report the population of these tracts, who would 
experience these levels of risk or higher.  Risks under the Without-CAAA scenario are 
significantly higher compared to those under the With-CAAA scenario.  For example, 
some risks in Brazoria County drop from an increased lifetime leukemia risk of 2 in ten 
thousand (i.e., 2 × 10-4) to 3 in a million (3 × 10-6) as a result of the CAAA, a 98 percent 
reduction.  In four of the six tracts in Table 7, individual lifetime leukemia risks among 
the highly exposed are reduced by at least 80 percent; the risks in all six counties are 
reduced by at least 72 percent.66  For comparison, the estimated average lifetime leukemia 
risk reduction across the 3-county study area for an individual born in 2020 is 65 percent.   

FIGURE 6:  CENSUS TRACTS IN THE HOUSTON STUDY AREA WITH THE GREATEST BENZENE 

EXPOSURE CONCENTRATION CHANGES BETWEEN THE WITH-  AND WITHOUT-CAAA  

SCENARIOS IN 2020 

 

 

 

                                                 
66 Risks were calculated using the 7.8 × 10-6 per µg/m3 benzene inhalation unit risk (IUR) from the range of IURs reported on 

IRIS. 
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TABLE 7:  CAAA-RELATED LEUKEMIA RISK REDUCTIONS IN 2020 IN THE HOUSTON AREA FOR 

INDIVIDUALS LIVING IN CENSUS TRACTS WITH HIGH AMBIENT BENZENE 

CONCENTRATIONS   

COUNTY 

CENSUS 

TRACT 

MEDIAN 

WITHOUT-

CAAA RISK 

MEDIAN 

WITH-

CAAA RISK 

PERCENT 

REDUCTION IN 

RISK 

POPULATION OF 

CENSUS TRACT 

Brazoria 6643 2 × 10-4 3 × 10-6 98 5,452 

Brazoria 6638 3 × 10-5 6 × 10-6 77 4,470 

Galveston 7222 1 × 10-4 7 × 10-6 95 3,487 

Galveston 7224 5 × 10-5 8 × 10-6 82 1,108 

Harris 1000 1 × 10-4 1 × 10-5 92 6,678 

Harris 2523 3 × 10-5 7 × 10-6 72 12,686 

Note: These risk values were calculated using the 7.8 × 10-6 per µg/m3 benzene inhalation unit risk (IUR) from the range of 
IURs reported on IRIS. 

Res idents L iv ing Near Roadways  

Figure 7 displays boxplots of the results of our 2002 HAPEM runs with and without the 
near-roadway algorithms.  We present results for both the median (50th percentile) and 
highly exposed (90th percentile) individual. 

The boxplots on the left show little change in benzene reductions for the median exposed 
individual after applying the near-roadway algorithms.  Our primary benefit estimates, 
which are based on the median exposure results, therefore reflect minimal impact of the 
near roadway adjustment.  This is not surprising, because it is unlikely that half of the 
study population would live within 75 or 200 meters of a major roadway.  However, on 
the right side of Figure 7, we do see an increase in benzene reductions for highly exposed 
individuals after applying the near-road algorithms.  The entire distribution of benzene 
reductions for the highly exposed group shifts upward, and the median reduction in 
benzene exposure for this group is about 20 percent larger than the run with the near-
roadway algorithm turned off.  Thus, overall for the highly exposed group, we observe a 
moderate impact of incorporating near-roadway effects on benefits.  An analysis of the 
ten census tracts with the highest on-road-related benzene concentrations in 2020 under 
the Without-CAAA scenario (and total population greater than 100) shows more 
significant impacts in individual locations, with the exposure reduction in one tract in 
Harris County nearly doubling.  On average, the exposure (and hence, risk) reductions in 
these ten tracts for highly exposed individuals are one and a half times larger when the 
near-roadway effect is taken into account. 
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FIGURE 7:  BOXPLOTS OF CAAA-RELATED REDUCTIONS IN BENZENE IN THE HOUSTON AREA IN 

2020 –  IMPACT OF INCORPORATING NEAR-ROADWAY EFFECTS  

 

 

 

 

 

 

 

 

 

TABLE 8:  CAAA-RELATED BENZENE REDUCTIONS IN 2020 INDIVIDUALS LIVING IN CENSUS 

TRACTS WITH HIGH AMBIENT BENZENE CONCENTRATIONS DUE TO ON-ROAD 

SOURCES -  EFFECT OF HAPEM NEAR-ROADWAY ALGORITHM 

COUNTY 

CENSUS 

TRACT 

BENZENE 

REDUCTION 

NEAR-

ROADWAY OFF 

(µg/m3) 

BENZENE 

REDUCTION 

NEAR-ROADWAY 

ON  

(µg/m3) 

PERCENT CHANGE 

IN BENZENE DUE TO 

NEAR ROADWAY 

EFFECT 

POTENTIALLY 

AFFECTED 

POPULATION1 

Harris 321500  1.5   2.6  69 226 

Harris 540200  1.3   2.5  89 247 

Harris 310700  2.3   3.8  65 457 

Harris 541900  2.0   2.5  25 436 

Harris 431200  2.4   3.5  44 694 

Harris 412100  1.6   2.5  60 98 

Harris 450300  2.2   3.1  43 712 

Harris 311900  2.0   2.8  42 278 

Harris 431900  3.0   3.5  15 206 

Harris 410900  2.7   3.3  21 282 
1 Because these values were calculated using 90th percentile exposure concentrations, we assumed 
that 10 percent of the population in the tracts may be associated with these changes in benzene 
exposure or higher. 
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Res idents With Attached Garages  

We estimated that total emissions in attached garages in the Houston area would be 
reduced by almost 90 percent.  If the average exposure estimate attributable to attached 
garages (1.2 µg/m3; see USEPA, 2007d) were reduced by this amount, the expected 
reduction in exposures due to reductions of in-garage emissions would be 1.1 µg/m3.  We 
found that this would correspond to an additional estimate of annual avoided cases of 
leukemia in the Houston area in 2020 that is roughly similar in magnitude to our main 
benefits estimate.  Therefore, these results suggest that adding attached garage-related 
benefits to our primary estimate could result in an approximate doubling of our primary 
estimate.67  

3.3.4  SENSITIVITY ANALYSES 

We performed five sensitivity analyses to estimate the range of uncertainty surrounding 
our primary estimate and to determine how sensitive the health risk model is to various 
data inputs and assumptions.68  We first assessed the impact of statistical uncertainty 
surrounding our primary estimate by running the model with the upper and lower 95 
percent confidence limits of the dose-response slope factor from Crump (1994).  We then 
tested the sensitivity of the model to the underlying epidemiological data by substituting 
the dose-response slope factor used in our primary estimate with that from another major 
cohort study linking benzene and leukemia.  Next, we explored the sensitivity of the 
model to the health endpoint selected by looking at the differences between incidence 
rates for all leukemia versus AML.  We next substituted a dose-response slope factor 
derived using different exposure estimates from the same cohort used in our primary 
estimate, the Pliofilm Cohort.  We also ran the model with two alternate lags, a zero-year 
lag and a five-year lag.   

We also explored the range of uncertainty surrounding assumptions made during the 
valuation of the health effects results.  We performed a sensitivity analysis on our 
primary valuation estimate by altering the discount rate applied.  We also substituted 
alternate values for the VSL used to value fatal cases of leukemia.  Finally, we assumed 
that all of the leukemia cases due to benzene exposure were fatal to get an upper bound 
benefits estimate.   

Stat i st ica l  Uncerta inty  

Our primary estimate of avoided cases of leukemia relied on a mean dose-response slope 
factor from the Crump (1994) paper.  To assess the impact of statistical uncertainty on 
this estimate, we ran the life-table model with both the upper and lower 95 percent 

                                                 
67 Homes with attached garages may also experience significant short-term spikes in benzene concentrations in the house 

following cold start or hot soak events (Graham and Noseworthy, 2004).  CAAA controls would also be expected to reduce 

these acute benzene exposures to individuals living in these homes; however estimation of these benefits is beyond the 

scope of this analysis. 

68 We did not perform a Monte Carlo analysis as part of the sensitivity analysis due to the large amount of data involved and 

time and resource limitations 
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confidence bounds (UCL and LCL) around the mean dose-response slope factor, as 
reported in Crump (1994).   

These additional runs indicate that based solely on the statistical uncertainty in the 
selected dose-response function from the Pliofilm cohort, total cumulative avoided cases 
of leukemia occurring within the study period could range from a lower bound of 0.8 to 
an upper bound of seven. 

Chinese Worker  

Our primary estimate of avoided leukemia cases from the life-table model relied on dose-
response slope factors for the relationship between benzene and leukemia from the 
Pliofilm Cohort, as these are the data currently supported by EPA in the benzene IRIS 
profile to calculate potency estimates.  For our sensitivity analysis, we used a dose-
response slope factor from another large, well-studied occupational cohort, the Chinese 
Worker Cohort.  The strengths of this cohort study include a large number of leukemia 
cases and workers who were exposed to benzene levels similar to ambient levels.   

Because the studies examining the Chinese Worker Cohort did not derive dose-response 
slope factors, we used dose-response slope factors derived by the California 
Environmental Protection Agency (CalEPA) as part of an analysis to calculate a Public 
Health Goal for benzene (CalEPA, 2001).69  We also applied the same lag to our exposure 
data as was assumed in the Chinese Worker Cohort (1.5 years).  The life-table model run 
with this alternate dose-response slope factor and 1.5-year lag estimated that a total of 
seven cases of leukemia would be avoided between 1990 and 2020 due to the CAAA.    

AML 

Our primary estimate was based on a dose-response slope factor derived with all 
leukemia as the health endpoint.  To test the sensitivity of this assumption, we first 
compared rates for all leukemia to those for AML, the leukemia subtype with the most 
data supporting its link with benzene, to estimate the proportion of leukemia cases that 
were AML.  We compared national-level age-specific AML incidence rates to national 
age-specific all leukemia incidence rates.70  We found that the age-specific all leukemia 
incidence rates were on average four times higher than the AML rates and ranged from 
two times higher (for the 25-29 age group) to nine times higher (for the 5-9 age group).  

                                                 
69 The CalEPA dose-response slope factors were derived by applying Poisson regression to relative risks presented in Hayes et 

al. (1997) and were based on an analysis of a subset of the Chinese Worker Cohort (representing approximately 76 percent 

of the total person-years at risk) for which exposures remained relatively constant over their work experience, making their 

exposure assignments less uncertain (CalEPA, 2001).  We selected the dose-response slope factor that assumed a linear 

dose-response function for extrapolation to low doses, as the data was not inconsistent with a linear model.  In addition, 

EPA's Guidelines for Carcinogen Risk Assessment (USEPA, 2005b) state that linear extrapolation should be used when the 

mode of action is uncertain, which is the case for benzene.  Given the low concentrations that are likely to be experienced 

in our case study, a linear approximation may be a reasonable fit, even if the overall dose-response function in supralinear, 

provided the data from which the extrapolation is being made are not in the plateau region of the curve.  In this case, the 

linear slope might be too shallow, underestimating the true dose-response relationship at low doses.  To address this, the 

CalEPA analysis excluded data points expected to be in the plateau region of the curve. 

70 The source of the AML and all leukemia national incidence rates was the Center for Disease Control (CDC) WONDER online 

database.  See http://wonder.cdc.gov/. 
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To estimate avoided cases of AML, we multiplied the leukemia incidence rates by ¼ and 
ran the model using the dose-response slope factor derived using AML as the health 
endpoint in Crump (1994).  We found that the incidence results for AML were 70 percent 
of the all leukemia results.  Therefore, we would expect a total of three avoided cases of 
AML (fatal and non-fatal) between 1990 and 2020 due to CAAA-related changes in 
benzene exposure.  Ten-year survival rates for AML are approximately 20 percent.  
These data can be used as an approximation for how many cases are expected to be fatal 
and non-fatal.  Therefore, we would expect that of the three avoided cases of AML, 
approximately two would be fatal and one would be non-fatal. 

Alternate Exposure Matr ix  

Exposure assessment for the Pliofilm Cohort has been investigated by three separate 
research groups, Rinsky et al. (1981 & 1987), Crump and Allen (1984), and Paustenbach 
et al. (1992), yielding a variety of results.  The different exposure assessment results of 
these three analyses can be attributed to various assumptions made by the investigators in 
relation to exposure of the workers, such as exposure concentrations experienced before 
sufficient monitoring data was available.  Paustenbach et al. estimates are the highest, 
followed by Crump and Allen, and then Rinsky et al.  Accordingly, the Paustenbach et al. 
estimates yield lower relative risks than the other two exposure estimates.71   These dose-
response slope factors assumed the same health endpoint (all leukemia) and lag 
(weighted) as the primary estimate.  We found much lower health benefits using the 
Paustenbach exposure estimates, with only two cases of leukemia avoided between 1990 
and 2020.   

Alternate Lag  

Our primary estimate relied on a “weighting” scheme to calculate a cumulative exposure 
value, with the peak weight being applied 5.3 years prior to the current year as an 
estimate of the latency period for leukemia.  We also ran the model using alternative risk 
models that assumed a different lag structure.  Because the lag structure is an integral part 
of how the risk coefficient is estimated in the benzene epidemiological analyses, different 
lag structures also imply different risk coefficients.   We applied two models from Crump 
(1994), one derived assuming that all previous exposures were weighted equally (with no 
lag) and the other derived assuming all previous exposure were weighted equally with the 
exception of the most recent five years, which were weighted with zero.  In addition to 
applying the alternative dose-response slope factors from these risk models, we also 
applied the corresponding exposure weights from each model to the exposure values from 

                                                 
71 The estimates by Paustenbach et al. (1992) have been criticized for being based upon worst-case assumptions for the 

exposure scenarios that existed during the early years of the cohort (Utterback and Rinsky, 1995).  In fact, critics have 

noted that prolonged exposure to the high levels of benzene estimated by Paustenbach et al. would have resulted in much 

higher prevalence of benzene poisoning than was actually seen in the cohort.  Nevertheless, we performed a sensitivity 

analysis using dose-response slope factors from the Crump (1994) analysis derived using the Paustenbach exposure matrix to 

test the model’s sensitivity to this input. 
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HAPEM6.72  The dose-response slope factors associated with the zero- and five-year lags 
are lower than the dose-response slope factor used for the primary estimate (0.017 versus 
0.84), in part because the weighted exposure values for these lag models are considerably 
higher than for our main model.  The effect of the lower coefficient counteracts the effect 
of the shorter lags, and apparently has a greater impact; the results we found for these 
alternate lags were lower than the primary estimate.  The zero-year lag model run yielded 
an estimate of two avoided cases between 1990 and 2020 and the five-year lag yielded an 
estimate of one case.     

Discount Rate 

We also estimated total monetary benefits using alternative discount rates of 0, 3, and 7 
percent, as described in Section 2.5.2.  The results of this sensitivity analysis are 
presented in Table 9 and range from $4.9 – 7.1 million for the high discount rate to $19 – 
27 million when no discount rate is applied. 

TABLE 9:  TOTAL BENEFITS DUE TO CAA-RELATED CHANGES IN BENZENE OCCURING WITHIN  

 THE STUDY PERIOD, CALCULATED WITH ALTERNATIVE DISCOUNT RATES 

DISCOUNT PERCENTAGE TOTAL BENEFITS (1990 NPV, MILLIONS OF2006$) 

 

BENEFITS FROM 
FATAL CASES OF 

LEUKEMIA 

BENEFITS FROM 
NON-FATAL CASES 

OF LEUKEMIA TOTAL BENEFITS 

Primary Estimate (5%) $6.7 $0.3 – 3.3 $7.0 – 10 

No Discounting $18 $0.9 – 9.0 $19 – 27 

Low Discount Rate (3%) $9.8 $0.5 – 4.9 $10 – 15 

High Discount Rate (7%) $4.7 $0.2 – 2.3 $4.9 – 7.1 

VSL 

We selected a VSL of $7.4 million in 1990 (2006$) for our primary estimate, from a 2003 
meta-analysis of wage-risk studies by Viscusi and Aldy (Model 5 from Table 8).  To 
explore the sensitivity of the results to this assumption, we calculated the economic 
benefits using the following alternative VSL estimates:  

• An alternative estimate from Viscusi and Aldy (2003) (Model 2 from Table 8) 
that assumes a log-normal distribution with a mean of $5.8 million (in 2000$); 

• The estimate used in the recent PM NAAQS RIA assuming a normal distribution 
with a mean of $5.5 million (in 2000$); and 

• An estimate used by EPA in past benefits analysis assuming a Weibull 
distribution based on 26 studies, with a mean of $4.8 million (in 1990$). 

                                                 
72 For example, for the five-year lag, we applied a weight of 0 to the most recent five years of exposure and a weight of 1 to 

all other past exposures within the study period. 
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The total benefits estimated using these alternative VSL estimates, converted to 2006 
dollars, are displayed in Table 10 below. 

TABLE 10:  TOTAL BENEFITS DUE TO CAA-RELATED CHANGES IN BENZENE OCCURING WITHIN 

THE STUDY PERIOD, CALCULATED WITH ALTERNATIVE VSL ESTIMATES 

VSL TOTAL BENEFITS (1990 NPV, MILLIONS OF2006$) 

 

BENEFITS FROM 
FATAL CASES OF 

LEUKEMIA 

BENEFITS FROM 
NON-FATAL CASES 

OF LEUKEMIA TOTAL BENEFITS 

Primary Estimate (Viscusi and 
Aldy, 2003, Model 5) $6.7 $0.3 – 3.3 $7.0 – 10 

Viscusi and Aldy, 2003, Model 2 $6.2 $0.3 – 3.1 $6.5 – 9.3 

Normal Distribution $5.9 $0.3 – 2.9 $6.2 – 8.8 

Weibull Distribution $6.7 $0.3 – 3.3 $7.0 – 10 

 

Fatal i ty  Rate 

In our primary estimate, we assumed that the difference between running the model with 
incidence data and mortality data constituted the number of leukemia cases that would be 
non-fatal.  We found that of the four avoided cases of leukemia that would occur between 
1990 and 2020, two would be fatal and two would be non-fatal (i.e., a 50 percent fatality 
rate).  Although ten-year survival data for 1988-2004 presented on the SEER website 
supports this (the data indicate a 60 percent fatality rate within ten years), it is possible 
that those that survive ten years could come out of remission and eventually die of 
leukemia.  In order to test the sensitivity of the results to this assumption, we calculated 
an alternate estimate of the monetary benefits assuming that all cases were fatal.  We 
found that the total monetary benefits would increase to $13 million (in 2006$) using a 
five percent discount rate.    

Summary 

Table 11 displays annual avoided cases (fatal and non-fatal) of leukemia by study year 
and total cumulative cases occurring within the study period for the primary estimate as 
well as estimates for the sensitivity analyses.  Total avoided cases between 1990 and 
2020 for the primary estimate is four and the sensitivity analyses range between one and 
seven.  Figure 8 presents the annual avoided cases of leukemia between 1990 and 2020 
for the primary case as well as five of the sensitivity analyses in graphical form.   

We also assessed the economic benefits associated with the avoided cases of leukemia for 
the sensitivity analyses.  Table 12 below presents the total monetary benefits (for both 
fatal and non-fatal cases of leukemia) for the primary case as well as the sensitivity 
analyses. 
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TABLE 11: TOTAL AVOIDED CASES OF LEUKEMIA DUE TO CAAA-RELATED REDUCTIONS IN 

BENZENE IN THE HOUSTON AREA –  PRIMARY ESTIMATE AND SENSITIVITY ANALYSES 

RESULTS  

YEAR 

PRIMARY 

ESTIMATE LCL UCL 

CHINESE 

WORKER 

COHORT 

PAUSTENBACH 

EXPOSURE 

MATRIX 

ZERO-

YEAR 

LAG 

FIVE-

YEAR  

LAG AML 

1990 0 0 0 0 0 0 0 0 

2000 0.05 0.0
1 

0.0
8 0.06 0.01 0.02 0.01 0.03 

2010 0.2 0.0
3 0.3 0.2 0.06 0.07 0.04 0.1 

2020 0.3 0.0
6 0.5 0.5 0.1 0.1 0.1 0.2 

Total 
Cumulative 

Cases 
4 0.8 7 7 2 2 1 3 

 
 
 

TABLE 12:  TOTAL MONETARY BENEFITS OF CAAA-RELATED REDUCTIONS IN BENZENE IN THE 

HOUSTON AREA –  PRIMARY ESTIMATE AND SENSITIVITY ANALYSES RESULTS ( IN 

MILLIONS OF 2006$)   

PRIMARY 

ESTIMATE LCL UCL 

CHINESE 

WORKER 

COHORT 

PAUSTENBACH 

EXPOSURE 

MATRIX 

ZERO-

YEAR LAG 

FIVE-YEAR 

LAG 

ALL 

FATAL 

$7.0 - 10 $1.5 – 2.0 $13 - 
18 $11 – 16 $2.5 – 3.6 $3.2 – 4.6 $2.0 – 2.8 $13 
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FIGURE 8:  ANNUAL AVOIDED CASES OF LEUKEMIA DUE TO CAAA-RELATED REDUCTIONS IN 

BENZENE IN THE HOUSTON AREA –  PRIMARY ESTIMATE AND SENSITIVITY ANALYSES 

RESULTS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: We have linearly interpolated between the avoided leukemia estimates for each target year; however, the 
true shape of the curve between each of these points is uncertain. 
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CHAPTER 4  |  DISCUSSION AND CONCLUSIONS 

This chapter discusses the key findings of this case study and the uncertainties associated 
with its results.  It also presents an assessment of the strengths and limitations of the 
modeling approach used in this analysis and its implications for potential future 
assessment of the benefits of HAP controls. 

4.1  KEY FINDINGS 

This case study demonstrates that the 1990 CAAA controls on benzene emissions are 
expected to result in reductions in the incidence of leukemia in the greater Houston area 
over the period 1990 to 2020.  Key findings include: 

• CAAA programs are expected to reduce benzene emissions across all source 
categories in the study area by thousands of tons per year, with the largest 
reductions in the point and non-point source category, followed by on-road and 
non-road sources;  

• The largest reductions in benzene exposures are expected to occur in downtown 
Houston and the surrounding area, and in two areas with significant point sources: 
the Texas City area of Galveston County and southeastern Brazoria county; 

• Reductions in benzene levels are expected to continue, and hence benefits are 
expected to increase in the latter decades of the study period, as engine and other 
capital stock turns over and the impact of CAAA controls on on-road and non-
road mobile sources in the area increases; 

• Primary benefit estimates indicate four fewer cases of leukemia would occur in 
the three-county area in the study period, two of which we expect would have 
been fatal.  We also expect benefits from the benzene changes that occur between 
1990 and 2020 will continue accruing through at least 2030, potentially avoiding 
another two leukemia cases between 2020 and 2030.  We estimate the net present 
value (NPV) in 1990 of the two fatal and two non-fatal leukemia cases avoided to 
be between $7.0 – 10 million in 2006 dollars, using a five percent discount rate.   

• 1990 CAAA controls on benzene are expected to significantly reduce individual 
leukemia risk levels for those living in census tracts with the highest estimated 
benzene levels by one to two orders of magnitude.  For example, median risks in 
Brazoria County drop from an increased lifetime leukemia risk of 2 in ten 
thousand (i.e., 2 x 10-4) to 3 in a million (3 x 10-6).  In four of the six census tracts 
with the highest risks, individual lifetime leukemia risks are reduced by at least 80 
percent. 
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• Additional health benefits may accrue to individuals living in homes with attached 
garages. Back-of-the-envelope estimates of the benefits of CAAA-related benzene 
reductions in the garages of these homes suggest these benefits may be similar in 
magnitude to our primary estimate.  Therefore, these results suggest that adding 
attached garage-related benefits to our primary estimate could result in an 
approximate doubling of our primary estimate. 

Although the actual benefit results appear modest, we note that leukemia is a rare disease 
with a low baseline rate among the population - for people under 50, the baseline risk in 
the study area was generally less than 5 in 100,000.  Therefore, even significant 
percentage reductions in the baseline leukemia mortality rate may translate to relatively 
small numbers of avoided cases.  We also note that the cases avoided are associated with 
only three U.S. counties containing just over one percent of the total U.S. population.  We 
would expect significantly higher numbers of leukemia cases avoided when looking 
nationally at benzene reductions. 

4.2  UNCERTAINTIES  AND DATA GAPS  

The results of this case study reflect limitations in available data and resources for 
conducting this analysis, as well as in the models and assumptions inherent in our 
analysis.  Where feasible, we have conducted quantitative analysis to estimate potential 
impacts of these uncertainties; in other cases, we discuss qualitatively the source of 
uncertainty and our best estimate of the direction and size of its potential impact.  We 
believe that overall, the uncertainties in our analysis are likely to cause our results to be 
underestimated. 

We reach this conclusion for several reasons.  First, the apparent systematic 
underestimation of benzene levels throughout the study area, due to upstream 
uncertainties in emissions and air quality modeling, constitutes one of the most major 
biases affecting our results.  Further down in the analytical chain, additional factors 
contributing to a downward bias include the exclusion of a number of potential benzene-
related health endpoints that we were unable to quantify for this case study; the exclusion 
of a ME for attached garages in the exposure modeling step, and uncertainties in the 
appropriate model for the C-R relationship between benzene exposure and leukemia.  We 
describe the potential uncertainties of the study in greater detail below. 

4.2.1  ESTIMATION OF BENZENE LEVELS 

We believe that modeled benzene levels in this case study on average underpredict true 
ambient levels.  Comparison of modeled ambient benzene levels from the With-CAAA 
AERMOD run for the year 2000 with observed monitor results in Appendix B shows a 
significant fraction of results are less than half of the observed values.  These low results 
may be due to uncertainty or bias in emissions estimates, in air quality modeling, or a 
combination of the two.  We discuss below the uncertainties we believe are likely to have 
a more significant impact on results.  For more detail on uncertainties in emissions and air 
quality and exposure modeling, please consult Appendices A and B, respectively. 
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On the emissions side, air quality studies in Southeast Texas (TexAQS I and II) have led 
researchers to conclude that there is a high level of uncertainty in the HG area point 
source VOC and air toxic contaminant emission estimates, especially for petrochemical 
facilities.73  As discussed in Appendix A, TexAQS II in 2006 confirmed that inventories 
based on standard EPA emission factors significantly underestimated VOC emissions 
from petrochemical facilities; it found that ethane emissions from petrochemical facilities 
were underestimated in the 2004 TCEQ point source database by one or two orders of 
magnitude.74  Airborne measurements of VOCs, including benzene, from TexAQS II 
further support this hypothesis – measurements as high as 50 ppb benzene were detected 
in the Houston Ship Channel area where many petrochemical facilities are located, 
concentrations which are not consistent with emissions reported in the area’s point source  
inventories. Given the significant contributions of point source sector regulations to the 
overall benzene reductions observed in the case study, this has the potential to be a major 
source of bias.  However, the true impact of this downward bias depends on how well the 
missing emissions would be controlled by CAAA-related regulations, such as the highly 
reactive volatile organic compound (HRVOC) rules initiated in the study area since 2000.  
If these rules are effective in reducing benzene emissions from fugitive emission sources, 
we would underestimate the benefits of the CAAA.  In its review of this case study, the 
SAB (USEPA, 2008b) strongly emphasized the need for additional investigation into 
missing or underestimated HAP emissions categories for point sources in Houston or 
other major metropolitan areas with significant point source HAP emissions to help 
reduce this bias in future assessments. 

Another source of downward bias in emissions is the omission from the With-CAAA 
scenario of industrial leak detection and repair reductions that are part of the Texas SIP 
for ozone.  Because these programs have been adopted in order to reduce fugitive VOC 
emissions that have not been captured in the VOC emission inventory for the study area, 
their emission benefit is difficult to model.  Emissions for source categories affected by 
LDAR rules are likely underestimated.  Additional research into the potential magnitude 
of these emissions reductions would benefit future studies.  Of the other categories of 
benzene emissions controls that were not included in our analysis, the most significant is 
likely the set of controls associated with the MSAT program, which was established after 
the With-CAAA scenario was fixed.75 

Reduction of benzene emissions in the mobile source category constitutes another 
significant contribution to CAAA benefits.  Comparison of the base on-road inventory we 
used (the 2002 NEI on-road inventory) with the on-road emissions from the 1999 NEI 
showed significantly lower emissions in our inventory (about 760 tpy) than those from 

                                                 
73 See, for example, Ryerson et al., 2003, Kleinman et al., 2002, and Allen and Durrenberger, 2003. 

74 For more information on TexAQS II, see http://www.tceq.state.tx.us/nav/eq/texaqsII.html. 

75 Other control categories not addressed by this case study include portable fuel containers, which may contribute to 

attached garage-related exposures, and new evaporative emissions categories such as tank and hose permeation included in 

the most recent NONROAD model (NONROAD2005).  We also note that cold temperature start emissions for Tier 1 and later 

vehicles are underestimated by MOBILE6 (USEPA, 2007a); however this is not likely to be a major factor in the warmer 

Houston climate. 
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the 1999 NEI (about 1,940 tpy).  Further investigation of this discrepancy identified three 
major contributors: use of local input data for the vehicle registration distribution for the 
2002 inventory, revised 2002 summer fuel benzene levels, and reductions from control 
programs between 1999 and 2002 (Cook, 2007).  This comparison illustrates that our 
results are highly sensitive to fleet distribution and fuel benzene content assumptions.  
While it is possible this may also contribute to the downward bias, we believe the 
selection of the 2002 inventory to generate on-road emissions was reasonable given its 
use of local, rather than national, registration data and its use of more up-to-date data and 
assumptions.   

On the air quality modeling side, model-to-monitor comparisons suggest our AERMOD 
runs may have underestimated ambient benzene concentrations in 2000, as more than a 
quarter of the estimates are less than half the corresponding monitor values.  If the air 
quality modeling systematically underestimated concentrations for both scenarios, it is 
possible that the difference between the two scenarios may also be underestimated, 
biasing our benefits estimates downward.  If the size of the modeling error is 
approximately constant, the error would be subtracted out when we calculate the 
difference between the two scenarios and would not affect our results.  If however, the 
error is proportional to the magnitude of the concentration modeled, then the error could 
result in an underestimate the difference between the scenarios.76 

As noted by the SAB during its review of this case study (USEPA, 2008b), the lack of 
modeling of benzene concentrations during calm periods (“calms”), when high exposures 
are expected to occur, is likely a contributor to the observed downward bias.  AERMOD 
by design is unable to estimate concentrations during calms (i.e., zero wind speed), and 
there is some uncertainty related to how well AERMOD performs when one substitutes a 
very low wind speed (e.g., less than 1m/s) for a calm.  EPA is continuing to investigate 
approaches to address this issue.  EPA is also considering for future analyses means of 
integrating multiple years of meteorological data into the air quality modeling step; this 
will help address potential uncertainties associated with using a single year’s 
meteorological data to model conditions across multiple target years.   

The modeling of non-point/area sources may also play a role.  When compared against 
the 1990 base year AERMOD run, the average benzene concentration attributed to non-
point/area sources in the 2000, 2010, and 2020 Without-CAAA runs appears to decrease, 
despite greater non-point/area source emissions in each of those years (see Appendix B).  
These results appear to reflect the sensitivity of the air quality modeling to differences 
between the surrogate data used in the 1990 model run to allocate non-point/area source 
emissions and the surrogate data from 2000 used in all the future year model runs.  This is 
a potentially significant source of uncertainty; if the 2000 allocation surrogate data 
Without-CAAA allocate area source emissions in such a way that the dispersion model 
systematically underestimate concentrations from area sources in the Without-CAAA 
                                                 
76 This would occur because the benzene concentrations in the Without-CAAA scenario are typically higher than those in the 

With-CAAA scenario.  If the downward bias is proportional to the concentration, the Without-CAAA value would be more 

significantly underestimated than the With-CAAA value, resulting in a smaller than expected difference between the two 

values. 
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scenario, our benefits estimates could be underestimated.  Because the 2000 allocation is 
based on more recent data, we believe it is likely more accurate than the 1990 allocation.  
However, we note that the 2000 allocation surrogate has not yet been validated.  Use of a 
consistent set of validated surrogates is recommended for future assessments. 

On the exposure assessment side, there are a limited number of microenvironments 
included in the HAPEM6 model; as a result, we were unable to estimate benefits 
expected to occur in certain high-exposure microenvironments such as service stations 
and homes with attached garages.  As a result our benefits may underestimate benefits 
that occur in these microenvironments. In a supplemental back-of-the-envelope 
calculation of the magnitude of benefits to those living in homes with attached garages, 
we estimated benefits of similar magnitude to our primary estimate in 2020.  Future 
analyses would benefit from collecting improved data on the benzene exposures due to 
attached garages, and from exploring the proportion of benzene exposure risk attributable 
to indoor sources to provide an overall public health context.   

4.2.2  HEALTH BENEFITS MODELING AND VALUATION 

Uncertainties related to health benefits modeling and valuation include the following: 

• We only quantified health benefits due to avoided cases of leukemia.  Other health 
endpoints associated with benzene exposure that are biologically plausible but 
lacked sufficient data to quantify a dose-response relationship include other 
cancers, such as Hodgkin’s Lymphoma, and non-Hodgkin’s Lymphoma, multiple 
myeloma, and myeodysplastic syndrome as well as potential non-cancer effects.  
Therefore, our results do not provide a comprehensive estimate of health benefits 
from benzene reductions in the Houston area. The SAB (USEPA, 2008b) 
specifically recommended examining recent studies linking benzene and non-
Hodgkin’s lymphoma for future benzene benefits analyses. 

• We obtained the widest range of benefits from our model (between 0.8 and 7 
avoided cases of leukemia) by applying the model to the bounds of the 95 percent 
confidence interval around our primary dose-response coefficient.  Our model is 
also sensitive to alternative assumptions about dose-response and cessation lag 
models for benzene-induced leukemia.  Sensitivity analyses show that our results 
can vary by plus 66 percent to minus 81 percent, depending on the choice of 
cohort study (Pliofilm vs. Chinese Worker), exposure matrix (Crump and Allen 
versus Paustenbach), health endpoint (total leukemias vs. Acute Myelogenous 
Leukemia (AML)), or risk/lag model.   

• The leukemia cohort studies are based on occupational exposure levels. 
Extrapolation of the dose-response function to ambient environmental levels 
requires an assumption of the shape of the function in the observable range.  
While we have assumed a linear function, as described in Chapter 2 and Appendix 
C, there is some evidence to suggest the function may be supra-linear; if so, we 
will have underestimated the benefits of CAAA benzene reductions.  Additional 
research, both epidemiological and toxicological, can help further our 
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understanding of the mode of action of benzene and will help analysts better 
ascribe probabilities to the alternative functional forms.  

• We have applied the relative risk model derived from Crump 1994 to all age 
groups; however the risk estimates were derived from an occupationally exposed 
cohort of adults.  We may under- or overestimate risk to age groups not included 
in the cohort if their true relative risk is higher or lower, respectively, than that of 
the age groups in the worker cohort.77 

• Application of risk estimates derived from an occupational epidemiological study 
to the general population typically underestimates risks to that population because 
the population studied was on average healthier than the general population (i.e., 
the “healthy worker” effect; Hennekens and Buring, 1987).  Because we apply the 
leukemia risk estimate without adjustment for this effect, the healthy worker effect 
will tend to bias our results downwards. 

• We assumed our linear dose-response model exhibited no threshold (i.e., no 
exposure level below which no effect would be observed).  As discussed in 
Appendix C, there exists some limited evidence suggesting that a threshold may 
exist; if the true model exhibits a threshold, our results would be biased upward.  
The degree of bias would depend on the location of that threshold. 

• Our approach for quantifying non-cancer health effects resulting from benzene 
exposure relied on the RfC reported in IRIS.  More recent studies have reported 
decreased lymphocyte count at benzene concentrations lower than the RfC.  
Therefore, it is possible that CAAA controls may have resulted in reductions in 
non-cancer effects in the study population that are not quantified in our analysis. 

• Our primary monetized benefit results are highly sensitive to the discount rate 
applied, because the cessation lag effect delays the full realization of health 
benefits.78   

• The VSL value we applied ($7.4 million in 2006$) is a central estimate from a 
distribution of values obtained from the benefits valuation literature.  Use of 
alternative values from this distribution would scale our monetized benefits 
accordingly.  However, this VSL distribution does not reflect any additional 
willingness-to-pay to avoid the additional pain and suffering associated with a 
cancer-related death, and is not included in the pre-mortality morbidity estimate 
we add to the VSL.  To the extent individuals would pay more to avoid cancer-
related pain and suffering prior to death, we are underestimating the value of the 
avoided leukemia cases (i.e., our results do not incorporate a “cancer premium”).  

                                                 
77 We used the same relative risk estimates for all groups in this analysis.  Because benzene’s MOA has not been established 

at this time, we did not apply the age dependent adjustment factors (ADAFs) recommended in the Supplemental Guidance 

for Assessing Susceptibility Early-Life Exposures to Carcinogens (USEPA, 2005b) for chemicals with a mutagenic MOA.  Early-

life adjustments could be explored in a future case study. 

78 Alternative risk models with shorter lags are less sensitive to choice of discount rate, because benefits of exposure 

reductions will be realized sooner. 
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Additional studies addressing this issue would significantly benefit HAP analyses, 
since many of these compounds exhibit carcinogenic effects. 

• As noted in Chapter 2, valuation estimates for non-fatal cancers are quite limited. 
While the approach we employed does build on precedent from past regulatory 
analyses to generate a willingness-to-pay (WTP) estimate, this estimate consists of 
two data points, only one of which represents WTP to avoid a case of cancer and 
neither or which specifically addresses leukemia.  Additional research is needed to 
develop WTP estimates for leukemias and other non-fatal cancers.  

4.3  IMPLICATIONS FOR FUTURE ANALYSIS  

This case study has demonstrated a benefits methodology that can be used to assess the 
health impacts of changes in benzene concentrations in an urban area.  As EPA moves 
forward in its development of benefit analysis tools for HAPs, it should consider the 
potential role of this methodology in more broadly documenting the effects of HAP 
regulation on health. 

In 2001, Agency staff and members of the EPA SAB held a joint workshop to explore the 
issue of how to best estimate and value the benefits of HAP reductions.  The workshop, 
which included experts in economics, health science, and risk assessment, engendered 
extensive discussion, but yielded no consensus as to the best methodology.  Participants 
were divided over the use of traditional damage-function approach, such as the one 
applied in this case study.  The SAB workshop report cites a number of obstacles to this 
approach, including limited, often contradictory, health data; difficulty assessing the 
effects of multiple exposures; uncertainties in extrapolating from animals to humans and 
from high doses to low doses; and limited resources to evaluate a large number of 
chemicals (USEPA SAB, 2002b).  The workshop concluded with recommendations for 
two research directions: one pursuing the demonstration of the damage-function approach 
for a well-studied HAP and the other pursuing alternative approaches suggested at the 
meeting, such as assessing the value of HAP regulation as an insurance policy or 
assessing the value of shifts in the curve of a population's onset of disease (USEPA SAB, 
2002b). 

This study provides insights into the strengths and limitations of a damage-function 
approach.  Specific strengths of the methodology applied in this case study include: 

• It provides a comprehensive assessment of the impact of benzene controls from 
multiple CAAA Titles on cancer incidence in an urban population; 

• It uses a combination of national and local data to develop emissions inventories 
cost-effectively, which include improved resolution link-level mobile source 
emissions estimates; 

• It assesses exposure using EPA's HAPEM model, which combines air quality 
modeling output from AERMOD with local activity pattern (e.g., commuting) 
data to generate both more realistic, age-specific estimates of exposures at the 
census tract level and probabilistic distributions of exposure that reflect 
interpersonal variability in exposure;  
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• It generates health benefit estimates based on central, rather than upper-bound, 
estimates of cancer potency, which is more appropriate for regulatory analysis; 

• It applies a life-table model which allows for the assessment of the CAAA 
benzene controls on the population over time, using the age-specific HAPEM 
exposure estimates and local, age-specific baseline incidence rates to generate 
estimates of local health impacts by census tract; 

• It simplifies the consideration of cessation lag by integrating it directly into the 
life-table model, which uses a damage-function based on weighted exposures; and 

• It generates monetized estimates of avoided cancer cases, both fatal and non-fatal, 
using current EPA guidance on VSL estimates for cancer. 

• It uses a modular approach to the analysis, which provides opportunities for 
scaling the level of complexity of the analysis in accordance with needs and 
resources. 

Specific limitations of the methodology and drawbacks to wider application include: 

• The damage-function approach requires both significant resources and extensive 
data sets to perform local-scale modeling; 

• The number of HAPs with a sufficient toxicological database in terms of number 
and quality of studies and weight of evidence to support this type of health 
benefits modeling remains limited; 

• Use of the model with HAPs other than benzene may require additional effort to 
estimate a central-estimate dose-response function from available data, as many 
published toxicological values for other HAPs represent upper bound estimates of 
potency or reference values that do not allow for quantitative risk assessment; 

• The model has not yet been demonstrated for a non-cancer dose-response analysis. 

• The critical effects associated with published non-cancer toxicological 
benchmarks for many HAPs may be difficult to value economically, because 
while they may serve as an indicator of an adverse biological process, the effects 
themselves may not necessarily be clinically significant (e.g. increased kidney 
weights); and 

• Air toxics monitoring is more limited than criteria pollutant modeling, making it 
more difficult to conduct quality control model-to-monitor comparisons in some 
locations or for certain HAPs. 

The drawbacks of applying this model more broadly are essentially the same as those 
cited in the 2001 workshop, though there have been some positive developments for HAP 
benefits assessment.  For example, EPA's 2005 Guidelines for Carcinogen Risk 
Assessment encourages improved reporting of uncertainty in risk estimates, including 
central as well as high-end estimates.  In addition, since 2002, EPA's IRIS database has 
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updated 23 toxicological summaries, 11 of which were for HAPs.79  Unfortunately, 
insufficient data exist for most of these HAPs to assess their carcinogenic potency.  One 
of the updated HAPs - 1,3-butadiene - is classified as carcinogenic to humans and does 
appear to have a sufficient database to support benefits analysis, including 
epidemiological results showing a dose-response relationship for leukemias in polymer 
workers in the U.S. (USEPA, 2007e).  1,3-Butadiene is one of the 12 regional cancer risk 
drivers identified in EPA's 1999 National Air Toxics Analysis (NATA) analysis (USEPA, 
2001c), and therefore may be a good candidate for further analysis using this model.80 

In order to apply the methodology to a non-carcinogen, additional effort would be 
required to develop a dose-response function for use with the health effects model.  While 
the resulting function and estimated benefits would be uncertain, there is also significant 
uncertainty in the true impacts of exposures in a population simply characterized as being 
above the RfC.  Experts have argued for a more parallel treatment of carcinogens and 
non-carcinogens (e.g., Clewell and Crump, 2005), and a recent paper by Woodruff et al. 
(2007) illustrated an approach to developing a dose-response model for acrolein, the one 
HAP identified as a risk driver of non-cancer effects at the national level in EPA’s 1999 
NATA.81 

We believe future case studies should continue to provide both central estimates of 
population risk (i.e., estimates of cases of adverse health effects avoided) and estimates of 
individual risk reductions for highly exposed populations.  The latter are particularly 
important, because the impacts of HAP emissions (and emission reductions) can be fairly 
localized, as seen in the substantial risk reductions in high exposure tracts in Brazoria and 
Galveston counties.  

In an effort to ascertain how our benefits may compare to those estimated from a larger-
scale analysis such as EPA's National Air Toxics Assessment (NATA), IEc attempted to 
conduct a reduced-form benefits analysis of CAAA-related benzene reductions in the 
three-county study area using benzene concentrations from the 1999 NATA  and 
preliminary draft concentrations  from the forthcoming 2002 NATA.  However, we found 
the NATA results to be incompatible with our benefits model, because for many census 
tracts the NATA results (from both 1999 and 2002) exceeded both the with- and without-
CAAA estimates from our case study.  While we were unable to conduct a thorough 
investigation of the causes of these discrepancies, our initial efforts suggest that 
differences in year 2000 onroad benzene emissions are a contributing factor; additional 
contributors may be differences in air quality modeling (AERMOD vs. ASPEN), the 

                                                 
79 See http://www.epa.gov/iris/whatsnew.htm and http://www.epa.gov/iris/whatsnewarch.htm for updated profiles.  The 

11 HAPs were vinylidene chloride (1,1-dichloroethylene); phenol; 1,3-butadiene; xylenes, benzene, methylisobutylketone, 

acrolein, toluene, hexane, phosgene, and 2,2,4-trimethylpentane. 

80 The NATA study identifies regional risk driver as carcinogens to which at least one million people are exposed at a risk 

level greater than 10 in one million or at least 10,000 people are exposed at a risk level greater than 100 in one million.  

See http://www.epa.gov/ttn/atw/nata1999/for the full list of cancer and non-cancer risk drivers.   

81 A national risk driver for non-cancer effects, as defined in the 1999 NATA, is a HAP for which at least 25 million people are 

exposed at levels above EPA's reference concentration.  The study also identified 16 HAPs as regional drivers of non-cancer 

risk, defined as HAPs for which at least 10,000 people are exposed above EPA's reference concentration. 
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apparent gaps in our 1990 base year benzene emission inventory that contribute to 
underestimated benzene concentrations in 2000 and likely throughout the study 
(discussed earlier), and uncertainty in the benzene emissions growth factors used to 
generate the with- and without-CAAA scenarios for this case study.  Future HAP 
analyses, whether at the urban-scale or using NATA would benefit from further 
investigations of the differences in these approaches, the associated uncertainties and data 
gaps and their potential impact on results. 

Due to difficulties in applying the case study approach on a national scale or to extending 
it to other air toxics, which may have a limited epidemiological database, the SAB in its 
review of this case study (USEPA, 2008b) suggested that EPA also consider integrated 
multi-pollutant approaches to estimate the benefits of air toxics regulations.  For example, 
OAR’s Risk and Technology Review (RTR) program, which evaluates air toxics risk by 
source category.  Another option could be the emerging 3D air quality modeling work 
that can include individual air toxics so that HAPs do not need to be modeled separately.   

In conclusion, the methodology presented in this case study can serve as a useful tool in 
EPA's evolving HAP benefit assessment strategy.  Determining where this approach best 
fits within that strategy will require additional analysis and evaluation to determine the 
added value of the detailed, urban-scale approach, as well as potential pool of HAPs 
suitable for assessment via the damage-function approach for cancer and/or non-cancer 
effects.  
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